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The foundational ideas of quantum mechanics continue to give rise to counterintuitive theories and 
physical effects that are in conflict with a classical description of Nature. Experiments with light at 
the single photon level have historically been at the forefront of tests of fundamental quantum theory 
and new developments in photonics engineering continue to enable new experiments. Here we review 
recent photonic experiments to test two foundational themes in quantum mechanics: wave-particle 
duality, central to recent complementarity and delayed-choice experiments; and Bell nonlocality 
where recent theoretical and technological advances have allowed all controversial loopholes to be 
separately addressed in different photonics experiments. 


Light has featured in tests of foundational physics 
during times that witnessed major advancements in 
our understanding of nature. Newton’s investigation of 
the nature of light, using prisms to reveal the visible 
spectrum, is iconic of the Scientific Revolution of the 
16th and 17th centuries. Early tests of Einstein’s general 
relativity involved observations of starlight passing close 
to the sun during a solar eclipse. Scientific advances 
have led to more convincing (and striking!) observations 
of relativistic effects with images from the Hubble space 
telescope revealing the gravitational leasing of galactic 
light. And we now know how the electromagnetic 
spectrum extends beyond the visible range and is 
quantised into single photons. Since the primary detec¬ 
tion apparatus in early experimental physics were the 
physicists themselves, light made a natural observable. 
As our understanding of quantum photonics deepened, 
the utility of photons in tests of foundational concepts 
in physics became more evident. Photons are robust to 
environmental noise, have low decoherence properties, 
and are easily manipulated and detected. The first half 
of this review discusses tests of wave-particle duality 
with one photon, while the second half looks at ex¬ 
perimental tests of nonlocality with two or more photons. 

1. Wave-particle duality 

The double-slit experiment has famously been said to 
contain the entire mystery of quantum mechanics. It 
provides a concise demonstration of the fact that single 
quanta are neither waves nor particles, and that in gen¬ 
eral they are neither in one single place, nor in two places 
at once. 

The experiment begins with a source of single quanta. 
Here we will consider only photons, but qualitatively 
identical results have been observed in a wide variety 
of quantum systems including electronJH^, atomJ^, and 
even large molecules such as CecP. Single photons are 
sent towards a mask into which two slits have been cut. 
On the far side of the mask, the spatial distribution of 
single-photon detection events is measured by a sensi¬ 
tive detector. For each photon, the detector registers 
a “click” at position x. Simultaneous detection of two 


clicks never occurs, and the photon initially appears to 
travel and arrive as a discrete particle. However, having 
detected many photons, the observed probability distri¬ 
bution p{x) can only be explained by wave interference, 
due to components of the photon which travel through 
both slits simultaneously. Confoundingly, when detectors 
are placed directly inside the two slits, the photon is only 
ever detected at one slit or the other — never at both. 

Where was the photon when it travelled through the 
mask? If it passed through one slit and not the other, 
wave interference effects would not be observed. If it 
passed through both slits at once, it should be possible 
to detect it at both simultaneously; this never occurs. 
If it passed through neither slit, we should not detect it 
at all — but we do. In this way, the double-slit experi¬ 
ment reveals the inadequacy of classical language when 
describing quantum systems. 

In 1909, Geoffrey Taylor used a sewing needle to split 
a beam of light into two paths, and observed interference 
fringes in the resulting pattern of light and shadovP. He 
used an incandescent source of “feeble light” with roughly 
the intensity of a candle held at a distance of one mile. 
Since then, single photons have played a pivotal role in 
tests of wave-particle duality. This is largely due to the 
ease with which photons can be generated, manipulated 
and measured, as well as their resilience to noise, and 
associated room temperature/pressure operation. Many 
of these experiments are based on a very natural question: 
what do we know, and how much can we measure, of the 
state of the photon as it passes through the slits? 

The light source used by Taylor was thermal — it did 
not generate photons one-by-one — and his experiment 
consequently admits a classical model. The fact that 
true single photons are not detected at both slits simul¬ 
taneously (antibunching) was confirmed experimentally 
by Clausei^, who used a more sophisticated light source, 
based on atomic cascades in mercury atoms. A similar 
source was used by Grangier et al.l^, who observed both 
antibunching and wave interference effects analogous to 
those of the double-slit experiment. 

In the quantum-mechanical description, detection of 
the photon at one slit “collapses” the single-photon wave- 
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function and precludes detection at the other slit. Col¬ 
lapse is instantaneous, even when the slits are very far 
apart, and it was emphasised by Einstein at the Solvay 
conference that the effect is thus seemingly nonlocal. A 
recent experiment by Guerreiro et tested Einstein’s 
thought experiment for the first time, using space-like 
separated (causally independent) detectors. 

Wavefunction collapse belongs to the Copenhagen in¬ 
terpretation of quantum mechanics, and encompasses 
Niels Bohr’s principle of complementarity. Bohr main¬ 
tained that in order to observe complementary properties 
of a quantum system, an experimentalist must necessar¬ 
ily employ mutually incompatible arrangements of the 
measurement apparatus. In the context of the double 
slit, this means that any experiment which fully reveals 
the wave-like properties of the photon must obscure its 
particle-like character, and vice-versa. 

Bohr’s principle has only very recently been formal¬ 
ized in universal complementarity relations^ such as those 
due to Ozawa and HalPmSl. 

These relations formalize 
the notion that although the inaccuracy in either of two 
complementary observables can individually be made ar¬ 
bitrarily small, one cannot simultaneously measure both 
to an arbitrary degree of accuracy. This is distinguished 
from the Heisenberg uncertainty principle, where mea¬ 
surements are sequential rather than simultaneous. Very 
recently, Weston et al.l^, used a spontaneous parametric 
down-conversion source together with a linear-optical cir¬ 
cuit to experimentally test these new relations. Making 
use of entanglement generated by the photon source, the 
authors were able to test complementarity under condi¬ 
tions in which previously discovered, non-universal com¬ 
plementarity relations fail. 

Upon first encountering the double slit experiment, it 
is natural to wonder about the trajectory of the photon 
during its path from source to detector. Complemen¬ 
tarity implies that it is not possible to simultaneously 
measure the position of the photon without irrevocably 
disturbing its momentum, and indeed a naiVe experiment 
hoping to track the route of the photon by measurement 
of its position will destroy all wave-lik e effe cts. How¬ 
ever, Kocsis et al. recently demonstrated^^^ that quan¬ 
tum weak measurement^ can be used to approximately 
reconstruct the average trajectory of ensembles of pho¬ 
tons as they undergo double-slit interference. Weak mea¬ 
surement allows approximate information to be obtained 
on a particular observable without appreciably disturb¬ 
ing “strong” measurement outcomes on a complemen¬ 
tary variable. The authors sent single photons from a 
GaAs quantum dot through a double-slit interferometer, 
in which a piece of birefringent calcite imposes a weak 
polarization rotation depending on the angle of incidence 
— and thus the momentum — of the photon. Then, by 
simultaneous detection of the lateral position and polar¬ 
ization using a high-resolution CCD camera, weak mea¬ 
surement of the photon’s momentum was accomplished 
at the same time as strong measurement of position. The 
trajectories measured in this experiment hold particu¬ 


lar significance in the de Broglie-Bohm interpretation of 
quantum mechanics, where they are literally interpreted 
as the path taken by a single particle-like photon. 


FIG. 1. Delayed choice experimental set-ups. (a) Wheeler’s 
delayed choice experiment. A photon is sent into a Mach- 
Zehnder interferometer. Upon arrival at the first beamsplit¬ 
ter BSi, it is split into a superposition across both paths. A 
random number generator (RNG) then toggles a fast optical 
switch, closing or opening the interferometer by insertion or 
removal of BS 2 , leading to wave-like or particle-like measure¬ 
ment of the photon respectively. Two detectors reveal wave¬ 
like behaviour in the event that the interferometer is closed, 
otherwise particle-like statistics are seen, (b) Quantum de¬ 
layed choice. The optical switch is replaced by a quantum- 
controlled beamsplitter: a controlled-Hadamard gate. An an- 
cilla photon controls this gate: ancilla states |0) and |1) lead 
to presence and absence of BS 2 respectively. By preparing 
the ancilla in a superposition state BS 2 can be placed into a 
superposition of present and absent, leading to a superposi¬ 
tion of wave-like and particle-like measurement. 

Jo hn W heeler’s famous delayed-choice thought exper- 
imentpSUl addresses the question of the position or 
trajectory of the photon in a two-path setup. Consid¬ 
ering the double slit experiment, one might attempt to 
side-step the uncomfortable implications of wave-particle 
duality by means of a pseudo-classical explanation in 
which the photon decides in advance to behave as a par¬ 
ticle or wave, depending on the choice of measurement 
setup. If the photon notices that a particle-like measure¬ 
ment is planned, it dispenses with all wave-like properties 
and passes through one slit at random, and vice-versa. 
Wheeler proposed an elegant test of this comforting (if 
pathological) model, in which the decision to measure 
wavelike or particle-like behaviour is delayed until after 
the photon has passed the slits, but before it reaches the 
measuring apparatus. Delayed-choice experiments have 
been performed in a variety of physical system^^^H^, all 
of which confirm the quantum predictions and refute the 
notion that the photon decides in advance to behave as 
a particle or a wave. 

Of particular significance is a recent resultP^of Jacques 
et ah, in which relativistic space-like separation between 
the random choice of measurement setting and slits was 
achieved for the first time. This ensures that there can 
be no causal link between the free choice of measurement 
setting and the behaviour of the photon at the slits. Here, 
a nitrogen vacancy colour centre in diamond was used as 
the source of single photons, ensuring extremely close 
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approximation to the single-photon Fock state |1). An 
electro-optic modulator, driven by a quantum random 
number generator at 4.2MHz, was used to implement the 
choice of measurement setting. A similar experimental 
setup was more recently employed by the same grou^^ 
to refute the controversial claims due to Afshar et 
that Bohr’s complementarity principle could be violated 
in a subtle variation on the double slit experiment. 

In delayed-choice experiments, the choice of measure¬ 
ment setting is generally implemented using a classical 
optical switch, driven by a random number generator, 
which rapidly inserts or removes an optical beam-splitter 
in the path of the photon. If the beam-splitter is present, 
which-way information is erased and full-contrast wave- 
like interference is observed. If the beamsplitter is in¬ 
stead absent, each detection event yields full which-way 
information but no interference is seen. A recent pro¬ 
posal by lonicioiu and TerncP^ suggested that the clas¬ 
sical random bit might be replaced by an ancilla qubit, 
and the classical controlled-beamsplitter by a quantum 
controlled-beamsplitter, or controlled-Hadamard (CH) 
gate. By preparing the ancilla qubit in the superposition 
state cos((a) |0)+sin(a) |1), the beamsplitter is effectively 
placed into a coherent superposition of being present 
and being absent. One can then continuously tune be¬ 
tween particle-like and wavelike measurement settings, 
in close analogy with the weak measurement technique 
of Ref. [161 This idea was quickly implemented by a num¬ 
ber of group^^^^^, two of which used photon pairs gen¬ 
erated by SPDC. The result of Peruzzo et exploits 
recent developments in integrated quantum photonicP^, 
with Wheeler’s interferometer and the CH gate both im¬ 
plemented on-chipP^. In this experiment, entanglement 
generated by the CH gate allows for device-independent 
refutation of hidden variable models in which the photon 
decides in advance to behave as a particle or a wave, by 
violation of the Bell-CHSH inequalit}®!. 

In the scenario of lonicioiu and Terno, which-way in¬ 
formation is carried by the ancillary particle. This possi¬ 
bility was previously emphasized by Scully and DriihP^, 
who pointed out that the choice of measurement basis 
for the entangled ancilla determines the contrast of wave 
interference observed, and that this choice can be made 
even after the system photon has been detected. Only a 
subset of allowed measurement settings completely and 
irrevocably erase all which-way information, resulting 
in high-contrast interference fringes. In 2000, Kim et 
aiHS] implemented this so-called delayed-ehoiee quantum 
eraser using single photons generated by SPDC. More 
recently, Ma et al.^ demonstrated a quantum eraser us¬ 
ing entangled photon pairs. The authors went to great 
lengths to rule out models in which the circumstances 
of the ancilla are communicated to the system photon 
through a local, causal mechanism. The system and an¬ 
cilla photons were sent to separate islands, 144km apart, 
such that the choice of measurement setting, system pho¬ 
ton and interferometer, and measurement of the ancilla 
photon, were all mutually space-like separated — and 


therefore causally disconnected. 

In all of these variants on the double-slit experiment, 
we see a fundamental trade-off between the information 
which can simultaneously be obtained on particular prop¬ 
erties of quantum systems, as well as a behavioural de¬ 
pendence on the choice of measurement setting. These 
effects seem contrary to what is known as noneontex- 
tual realism^ the (rather natural) assumption that the 
observable properties of objects are well-defined inde¬ 
pendent of measurement. Kochen and Specker (KS]P^ 
proved that there exist sets of quantum-mechanical ob¬ 
servables, to which a unique set of values provably cannot 
be consistently and simultaneously assigned — render¬ 
ing noncontextuality untenable. No direct experimen¬ 
tal implementation has yet been reported, and indeed 
it is unlikely th at a m eaningful direct implementation 
of KS is possiblj^^^. However, a number of theoret¬ 
ical works®®^ have shown that noncontextual realism 
can be revoked under much less demanding conditions, 
and many of these theories have since been tested us¬ 
ing single photons. An early result by Michler et al.®l 
mimicked three-particle GHZ correlations, using entan¬ 
gled photon pairs generated by SPDC. Huang et al.®l 
tested the “all-or-nothing” KS-like theory of Simorl^, en¬ 
coding two qubits in the path and polarization degrees 
of freedom of one heralded single photon. More recently, 
Lapkiewicz et al. reportecP^ an experiment using a sin¬ 
gle photonic qutrit, encoded in path and polarization us¬ 
ing calcite beam displacers, to implement the theoretical 
proposal of Klyachko et al.®^. This result is notable as it 
reinforces the strong incompatibility between the quan¬ 
tum and classical pictures of physics with only a single 
quantum particle and in the absence of multi-particle en¬ 
tanglement. 

A fundamental tenet of quantum mechanics is the Born 
rule^ which states that given a system with wavefunction 
the probability that it is detected in the volume 
element d^r at time t is given by 

p{f,t) = \'ip{f,t)\^(fr. (1) 

It can easily be shown that since this expression depends 
only on the square of the wavefunction, probabilities 
generated by multi-particle wavefunctions can always 
be written in terms of interference between pairs; 
three-body interference terms never appear in the 
expansion of 0 . Indeed, it has been shown that almost 
all nonlinear models of quantum mechanics which 
permit three-body interference have extreme and highly 
unlikely consequences, such as cloning of quantum 
states and polynomial-time quantum algorithms for 
NP-complete computational taskJ^U. A recent exper¬ 
iment by Sinha et al.®l went in search of such effects 
using a triple-slit variation on the double-slit experi¬ 
ment. Using a lithographically fabricated triple slit, a 
coherent laser source, and heralded single photons from 
SPDC, the authors gathered strong evidence against 
the existence of higher-order corrections to the Born rule. 
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2. Nonlocality 

Locality is the concept that the behaviour of space-like 
separated objects depends only on events in their respec¬ 
tive light-cones. Confoundingly, entangled particles ex¬ 
hibit correlations that defy this understanding. Many at¬ 
tempts have been made to explain these correlations in 
terms of local hidden variable models (LHVs) which at¬ 
tempt to capture our everyday experience of the universe. 
LHVs associated to each particle can be imagined as hav¬ 
ing been determined from some earlier local interaction. 
This aligns with an intuitive local and realistic view of a 
universe that is causally connected by locality. In 1964, 
John Bell described an experimentally tenable scenario 
in which quantum mechanics predicts outcomes that are 
incompatible with all possible LHV model^^^^ —provided 
the experiments are rigorously performed. The plat¬ 
form of entangled single photons is the only platform to 
have addressed all the known key requirements of a quan¬ 
tum theory of nonlocality, albeit in separate experiments. 
Here we review a selection of recent developments using 
entangled photons to test quantum nonlocality and ex¬ 
plore its properties. For an exhaustive review of the sub¬ 
ject’s history we point the reader towards more in-depth 
reviews on multi-photon entanglementPH and theoretical 
development^. 

Since the seminal experiments of Freedmand and 
ClauseJ^ in 1972, and Aspect et al.l^ in 1982, nonlo¬ 
cality experiments have typically comprised a source of 
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FIG. 2. A nonlocality experiment and associated loop¬ 
holes. (a) The detection loophole can be opened by optical 
loss if there is a sufficiently high proportion of non-conclusive 
outcomes “T”. (b) A space-like separation prohibits sig¬ 

nalling between the various events occurring for each observer 
and closes the locality loophole. E.g. Alice’s measurement 
Ma and results Ra are outside of the light-cone of influence 
from Bob’s measurement choice Cb- Furthermore since Ca 
and Ch are causally disconnected from detection events and 
the source, Alice and Bob are free to choose their measure¬ 
ment settings without influence, (c) If the observers are not 
space-like separated, it is possible for signalling to occur be¬ 
tween events. In this example, Ma and Mb can respectively 
influence Rb and Ra, and Cb can influence both Ma and Rb. 


entangled photon pairs that are shared between observers 
Alice and Bob who independently perform measurements 
and subsequently compare their results (Fig. [^(a)). The 
measurements have two possible settings, 0 or 1 , and 
have only two possible outcomes a, 6 G { —1,-hl}, often 
assigned to the polarisation of the photons. The Clauser- 
Horne-Shimony-Holt (CHSH^P^ version of Bell’s inequal¬ 
ity sets an upper bound on the strength of correlations 
allowed by LHV models using the a sum of expected val¬ 
ues for ab, for each possible combination of measurement 
outcome: 

S = I (<^o^o) + ~ I ^ 2. (2) 

Quantum mechanics predicts that this bound can be ex¬ 
perimentally violated, demonstrating the inadequacy of 
LHV models. If the two particles are entangled—for ex¬ 
ample in the singlet state \ 2 p~) = ^ (| 01 ) — | 10 ))—then 
a choice of measurement settings az & <Jx for Alice, and 
az <Jx ^ o-z — (Tx for Bob, leads to a violation of 
with S = 2 \/ 2 . 

The implications of rigorously violating this inequal¬ 
ity have a profound effect on our intuition of how the 
universe works, for it suggests that the two particles are 
instantaneously communicating with one another, even 
though they are far apart. Although the randomness of 
outcomes to measurements mean that no communication 
can occur between Alice and Bob, these nonlocal effects 
seem to be in contradiction with the spirit, if not the let¬ 
ter, of special relativity. These far reaching implications 
have motivated particular scrutiny on the possible ways 
in which nature might somehow fake nonlocality, with fo¬ 
cus mainly falling upon experimental limitations. An ap¬ 
parent experimental violation S > 2 could be attributed 
to assumptions exploited by LHV models and known as 
loopholes, the more famous of which are the Locality, 
Detection and Freedom of Choice loopholes (Fig. [^. A 
completely unambiguous experimental demonstration of 
Bell nonlocality requires the simultaneous obstruction of 
every possible loophole. While this milestone is yet to be 
reached in experimental physics, photons have been used 
to address each of these loopholes individually. 

The Detection Loophole —Optical tests of nonlocality 
have suffered from low detection efficiency. With an ex¬ 
perimental efficiency of 77 < 100 % there exist, in addi¬ 
tion to “-hi” and “—1”, non-conclusive measurement out¬ 
comes “T” that represent the failure to detect an emitted 
photon. “T” can be ignored by including only measure¬ 
ments that register photon detection. But this relies on 
the assumption of a fair sampling, since otherwise local 
models may skew the detection statistics of “-hi” and 
“—1” to falsify violation of (eq. |^. This has been illus¬ 
trated experimentally through the use of side channels 
to intentionally falsify signatures of nonlocality in exper¬ 
imental setups that are otherwise considered as standard 
Bell-inequality experiment^^^HHI, 

When including “T” outcomes, violation of CHSH 
(eq. § only occurs when experiment efficiencies are be¬ 
yond the threshold of 77 > 82.8%. Remarkably, Eberhard 
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discovered that lowering the amount of entanglement by 
controlling the r parameter in (r | 01 ) — | 10 ))/y ^1 + r^) 
reduces the threshold efficiency to 77 > 66.7% in test¬ 
ing nonlocalit}EHl. Denoting nk^i{ciibj) as the number of 
photon pairs with outcome k G {+!,—and I G 
{+1, — 1, _L} when using measurement settings i G {0,1} 
on one particle and j G {0,1} on the other, Eberhard’s 
inequality (which holds for LHV) is written as 

J = n+i^+i(ai, 61 ) — n+i^+i(ao, bo) + n+i^_i(ao, bi) (3) 

i^-\-i,±{cLo, bi) + n_i^+i(ai, 60) + ^±,+1(^1,60) > 0 

Notably, each observer needs only one detector, since 
the decrease in efficiency of detectors responsible for 
1 ” outcomes causes outcomes nominally “— 1 ” to be 
included as “ffi”, mapping n+i^_i(^ 6 i) to n+i^^(ao, 6 i) 
and n_i^+i(ai, bo) to n± +i(ai, 60 Furthermore, test¬ 
ing nonlocality with (eq.[^ is robust to the Poissonian na¬ 
ture of photon-counting measurements on SPDC sources 
and removal of the vacuum via post-selection is not re¬ 
quired. ___ 

Two recent experiment d^^ * ^^ * report violation of Eber- 
hard’s inequality to close the detection loophole. Both 
experiments use high efficiency single photon detecting 
transition edge sensors (TES]F^ and high collection ef¬ 
ficiency photon sources to surpass Eberhards efficiency 
threshold, and each obtain r] > 70%: Ref. |59] uses a 
high collection efficiency photon source based on a Sagnac 



FIG. 3. Experiments for closing loopholes, (a) High 
detection efficiency can be achieved with TES to close the 
detection loophole. Figure from Ref. 1601 (a) Space-like sep¬ 
arating the quantum random number generators that choose 
the random measurement settings and the measurement ap¬ 
paratus, enables the locality and freedom of choice experiment 
loopholes to be closed. Figure from Ref. 1611 


configuratioii^^^ Ref.[60]uses a non-colinear SPDC pho¬ 
ton source configuration (Fig.[^(a)). While both demon¬ 
strations are of sufficient efficiency to close the detection 
loophole, the experiment in Ref.|59]is still open to the so- 
called ‘^coincidence-time^^ loophol^^. This experiment 
(and numerous others) rely on using timing windows de¬ 
fined by single photon detection events to perform coinci¬ 
dent detection analysis: when one photon detector regis¬ 
ters a single-photon event, a coincidence event is recorded 
if a second single-photon event is recorded within a pre¬ 
scribed window of time. The coincidence time loophole 
allows the detection time to be shifted by the local mea¬ 
surement settings in or out of the coincidence window, so 
that a completely local process can match quantum me¬ 
chanical expectation values. However, this loophole can 
be avoided by using a coincidence window defined around 
a system clock: Ref. l 6 Ql achieves this with a chopped laser 
pulse that drives the SPDC to create photon pairs in well- 
defined events. 

Ref. [6Q1 also highlights the “production-rate loophole” 
where non-random drifting of the pump laser power or 
detection efficiency can be exploited by local realistic 
models, however the experimental drifts in Ref. |59] have 
been showrP^ to be not sufficient for this loophole. Al¬ 
ternatively, a quantum random number generator can be 
used to randomly choose measurement settings in order 
to close the production-rate loophol^^. Furthermore, 
satisfying the more stringent requirement of randomly 
chosen measurement settings for every entangled parti¬ 
cle pair in order to close the freedom of choice loophole 
simultaneously addresses production-rate loophole. 

Freedom of choice and locality loophole —Two famous 
experiments attempted to close the locality loophole 
through space like separation by fast measurement set¬ 
tings c hosen during the time of flight of the entangled 
photon^^^SH, However the settings of Ref. |67l were chosen 
using periodic sinusoids and were therefore predictable 
and susceptible to influence by hidden variables created 
at the source, so failed to close the freedom of choice 
loophole —the possible influence of measurement settings 
by either other measurement apparatus or hidden vari¬ 
ables created at the source of photons. The random set¬ 
tings of Ref. | 68 | were chosen within the forwards light 
cone of the emission point of the entangled photons, so 
could also have been influenced by hidden variables cre¬ 
ated at the source. Improving upon these experiments 
the authors of Ref. | 6 T| space-like separate their random 
number generators to remove the possibility for trans¬ 
mitting any physical signal between entangled particle 
emission and the random measurement settings. This 
Bell test was performed between the two Canary Islands 
La Palma and Tenerife separated by 144km, with the 
quantum random number generator used to choose mea¬ 
surement bases space-like separated from the rest of the 
experiment (Fig. Kb)). 

EPR-steering —Almost 80 years after Schrodinger re¬ 
ferred to the effects of entanglement as “piloting” or 
“steering” of one quantum state by the measurement of 





























































6 


another, the concept of EPR-steering was formalise d^^ l ^^ * 
and followed swiftly by an EPR-steering inequality based 
on local model^^. Steering sits strictly between entangle¬ 
ment witnesse^^^l —that rely entirely on assumptions that 
quantum mechanics is correct, to test for the presence 
of non-seperability—and Bell-nonlocality—ideally no as¬ 
sumptions are made about the experimental setup or the 
model of physics. The modern concept (Eig. 13 assumes 
that one half of the system, an observer Bob, fully trusts 
his measurement apparatus and that any states in his 
possession adhere to the laws of quantum mechanics. A 
second party (Alice) is tasked with convincing Bob that 
she can steer a quantum state that she has already sent 
to him. Importantly, no assumptions are made about the 
physics to which Alice has access, so she is free to use any 
means to carry out her task. Assuming local models, this 
experiment is constrained by the inequalit}^^ 

1 

- E < Cn (4) 

k=l 

in which Alice and Bob compare n measurement results; 
(j^ is the of n measurements performed by Bob in 
conjunction with Alice declaring a measurement result 
Aj^ G { — 1 , -hi}. Cn IS the maximum value that can be ob¬ 
tained for the quantity Sn^ provided Bob has pre-existing 
states known to Alice. This inequality is violated when 
Alice instead shares entanglement with Bob, and through 
her own measurements, affects Bob’s results. 

Saunders et al^ performed the first experimental 
demonstrations of violating Steering inequalities with po¬ 
larisation entangled photons, showing that increasing the 
number of measurements n (testing up to n = 6 ) in¬ 
creases the robustness of this nonlocality test to exper¬ 
imental noise. However, just like Bell-like inequalities, 
local models can also exploit loopholes to explain steer¬ 
ing. Steering has less stringent requirements than the 
aforementioned nonlocality tests, due to the asymme¬ 
try of the experiment, and has an experiment efficiency 
threshold of 77 > 1/3 for closing the detection loop¬ 
hole when using n = 3 measurements. Three experi¬ 
ments published around the same time collectively ad¬ 
dress loop-hole-free steerin^^^^l^. All three experiments 
use Sagnac entanglement sources (see Box 1 ) to increase 
experiment efficiency and close the detection loophole; 
in addition Smith et al^ use TES single photon detec¬ 
tors. Bennet et al^ use up to n = 16 measurement 
settings, which they show allows them to measure vio¬ 
lation of Eq. 0 without assuming fair sampling despite 
high loss (87% loss) induced by 1 km of coiled optical 
fibre between the entanglement source and one of the 
measurement apparatus; this explores the conditions for 
closing freedom of choice and locality loopholes over a 
lossy channel. In addition to closing the detection loop¬ 
hole, WitmamP^ enforces strict Einstein locality condi¬ 
tions, with space-like separation over 48m of optical fibre. 
This closes the locality loophole. In addition they use a 
space-like separated quantum-random number generator, 
closing the freedom-of-choice loophole that would other- 



FIG. 4. EPR steering. Here one observer (Bob) trusts their 
system works according to quantum mechanics (denoted by 
a clear box), while another party (Alice) is tasked with sup¬ 
plying Bob with a quantum state and demonstrating she can 
affect his measurement results by any means (black box). As¬ 
suming local laws of physics, an inequality for this experiment 
is derived, which is violated when Alice chooses to share en¬ 
tanglement between herself and Bob. Figure from Ref. 1731 


wise allow the photon pair source to influence the choice 
of measurement setting. This is the first time a nonlo¬ 
cal quantum effect has been explored whilst simultane¬ 
ously closing three major loopholes. Collectively, these 
experimentP^H^ mark an important progression towards 
loophole-free device-independent tests of Bell nonlocality. 

Referenee frame independent nonloeality tests — 
Traditionally, nonlocality tests take place within a 
shared reference frame. That is to say that Alice and 
Bob are able to align their measurement apparatus 
with respect to one another. This may be problematic 
for experiments using long optical fibre or free-space 
orbital communications. One solution is to harness 
decoherence-free subspaceP^, which has been recently 
implemented using hybrid polarisation and orbital 
angular momentum entangled states to violate a Bell 
inequality in alignment free settingP^. This requires 
an increase in dimension of the quantum system inves¬ 
tigated. Remarkably, it has been shown that sharing a 
complete reference frame is not required for two remote 
parties to violate a Bell inequality, provided the parties 
share one measurement direction perfectly, they have 
high probability to violate a Bell inequality perfectly 
with a maximally entangled state by each choosing 
maximally complimentary measurements in the plane 
orthogonal to the shared direction in the Bloch spherP^. 
By increasing the complexity of the measurements 
each party makes, observers can always violate a Bell 
inequality with out sh aring any information about their 
reference frameP^^. This potentially removes the need 
of establishing reference frames for future nonlocality 
tests, in particular taking nonlocality tests into orbit to 
help address the locality loophole. 

Multipartite loeality tests —The majority of nonlocal¬ 
ity tests have been focused towards using bi-partite en¬ 
tanglement. Greenberger Horne and Zeilinger extended 
nonlocality tests to that of three-party entanglement 
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(GHZ); this was formulated into an inequality to test 
for multipartite nonlocality by MermiiP^. The first 
3-photon GHZ entanglement was demonstrated fifteen 
years ago using a pulsed SPDC sourc^^ and was then 
subsequently used to vio late Mermin’s inequalit}!^ four- 
photon GHZ state^^^^ have also been used for local re¬ 
alism testJ^. However, until recently no multi-photon 
experiment has succeeded in addressing loopholes that 
can be exploited by LHV. The major contributing fac¬ 
tor is the typically low brightness of multi-photon entan¬ 
gled sources. Recently, Erven et reported generat¬ 
ing heralded three-photon Greenberger-Horne-Zeilinger 
entanglement at sufficient rates (40 Hz) to distribute the 
three photons using optical fibre and free-space links to 
independent measurement stations to violate Mermin’s 
inequality. With sufficiently separated measurement sta¬ 
tions and entanglement source, the authors address the 
locality loophole while the freedom of choice loophole is 
closed by spatially separating a random number gener¬ 
ator that defines the measurement basis settings. How¬ 
ever, experiment efficiencies below the threshold required 
to close the loophole of Mermin’s inequality mean the 
detection loophole is not closed and fair-sampling is as¬ 
sumed. This leaves open the possibility of employing high 
efficiency photon detectors and developing efficient col¬ 
lection in multi-photon entangled states for loophole-free 
multi-partite nonlocality tests in the future. 

Box 1: Enabling technology for current and fu¬ 
ture nonlocality tests 

Sources of entangled photons —For nearly two decades, 
spontaneous parametric downconversion based on non¬ 
linear crystals has been the most widely applied source 
of entanglement in quantum opticJ^. A configuration 
that has recently advanced collection efficiency is that 
of collinear SPDG, pumped in both directions coher¬ 
ently with a laser split at a bea msplitter, in a polari¬ 
sation Sagnac interferometeJ^^^^ (Fig- [^- This allows 
inherent stability without the need for active stabilisa¬ 
tion. By eliminating the transverse walk-off effect via 
periodically poling in the nonlinear crystal, high collec¬ 
tion efficiency into single mode fibre is obtained. This 
configuration has been demonstrated to operate with 
GW or pulsed regime^ with at least 80% coupling 
efficiency and for a number of nonlinear materials^. 
For future experiments, a more compact source of en¬ 
tangled photons would likely use an integrated archi¬ 
tecture, where stabilised path-entangled photon^ and 
polarisation-entangled photon^ can be generated. 

Increasing detector efficiency —Single photon detec- 
tor^HI underpin the measurements made by the observers 
in any photonic nonlocality experiment. Transition edge 
sensors (TES) are fabricated using a thin tungsten film 
embedded in an optical stack of materials to enhance the 
absorptiorP^. With the voltage biased at their super¬ 
conducting transition, absorbed photons cause a mea¬ 
surable change in the current flowing through the tung¬ 
sten film that is efficiently measured with a supercon¬ 
ducting quantum interference device amplifier. TES re- 




FIG. 5. Box figure: Current and future photonics for 
nonlocality tests, (a) A polarisation Sagnac interferom¬ 
eter configuration can enable collection efficiency of gener¬ 
ated photon pairs into optical fibre with > 80%, which when 
used together with high efficiency > 95% TES single pho¬ 
ton detectors can be used to address the detection loophole 
in nonlocality tests. The example here depicts Alice using 
TES, to address the detection loophole in EPR steering in 
the experiment reported by Ref. [75] (b) Waveguide entan¬ 
gled sources offer potentially repeatable, high brightness and 
high efficiency sources of entanglement. Figure from Ref. (93] 
(c) SSPDs offer a 4K alternative in high efficiency and fast 
single photon detection that can be monolithically integrated 
into waveguide structures for potentially compact photonics 
measurement apparatus. Figure from Ref. 1961 

quire cooling to ^ 100 mK using adiabatic demagneti¬ 
zation refrigerators and detection efficiencies of ^ 95% 
are now routinely reported. Nanowire superconducting 
single-photon detectors (SSPDs)!^ have emerged as a 
promising alternative for both free-space and integrated 
applications: here a single photon absorbed by a super¬ 
conductor biased just below its critical current Ic creates 
a local resistive “hotspot”, generating a voltage pulse. 
Superconducting detectors based on NbN nanowires op¬ 
erate at ^ 4K temperatures and are capable of very fast 
counting rates (up to GHz) and low dark counts (< 1 
Hz;P. NbN nanowire detectors can operate in commer¬ 
cial cryo-cooler^^. Recent NbN nanowire detectors using 
a travelling wave desigrP^ have demonstrated on-chip de¬ 
tection efficiency above 90%. In addition, recent realisa¬ 
tion of NbTiN nanowire single photon detectors on Si]^^^ 
extends the operating wavelength from IR to visible and 
reduces dark count rate to milli-Hz. 



















Outlook 

Photonic experiments over the past four decades have an¬ 
swered many important debates in the fundamental the¬ 
ory of quantum mechanics and new photonic technolo¬ 
gies continue to create opportunities to close loopholes, 
answer old questions, and even inspire new theoretical 
research. Experimental confirmation of the predictions 
of quantum physics during the previous century forced 
a reevaluation of the understanding of the operation of 
the universe as a classical machine, at least at the mi¬ 
croscopic scale. Over the coming decades, as we increase 
our capabilities to harness the effects of quantum me¬ 
chanics to build quantum computer^, we will test the 
extent to which quantum effects persist at a macroscopic 
scale, with further potential consequences for our under¬ 
standing of the universe. Famously, the Extended Church 
Turing Thesis (ECT) says that all computational prob¬ 
lems that are efficiently solvable with realistic physical 
systems can be efficiently solved with a classical machine 
— a statement clearly in conflict with our hopes for the 
capabilities of quantum computer^. While we might 
have to wait some time for a universal quantum com¬ 
puter to operate at t he scale which challenges the ECT, 
recent theoretical^ and technological advances in quan¬ 


tum photonic^i^ have developed a path to challenging 
the ECT on a near term timescale, with a non-universal 
quantum photo nic devi ce that performs a task known as 
Boson Samplin^^^^Hi^. jf experiments confirm the pre¬ 
diction, as we believe they will, that our universe cannot 
be efficiently simulated by a classical machine, then there 
may be other confounding features of quantum mechan¬ 
ics currently hidden from us and apparent only through 
simulations on a quantum computer. It is therefore pos¬ 
sible that, rather than confirming existing theory, future 
photonic experiments might be the first to reveal new 
and complex quantum phenomena, requiring innovative 
theoretical explanations. 
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